Dynamics of the Eley-Rideal (ER) abstraction of H 2 from W(110) is analyzed by means of quasiclassical trajectory calculations. Simulations are based on two different molecule-surface potential energy surfaces (PES) constructed from Density Functional Theory results. One PES is obtained by fitting, using a Flexible Periodic London-Eyring-Polanyi-Sato (FPLEPS) functional form, and the other by interpolation through the corrugation reducing procedure (CRP). Then, the present study allows us to elucidate the ER dynamics sensitivity on the PES representation. Despite some sizable discrepancies between both H+H/W(110) PESs, the obtained projectile-energy dependence of the total ER cross sections are qualitatively very similar ensuring that the main physical ingredients are captured in both PES models. The obtained distributions of the final energy among the different molecular degrees of freedom barely depend on the PES model, being most likely determined by the reaction exothermicity. Therefore, a reasonably good agreement with the measured final vibrational state distribution is observed in spite of the pressure and material gaps between theoretical and experimental conditions.
I. INTRODUCTION
The interaction of hydrogen with metal surfaces is of great importance in several domains of research like heterogeneous catalysis, hydrogen storage, plasma physics, etc. In particular, the (H+H 2 )/W system is of current technological interest in the context of the ITER experimental fusion reactor, [1] [2] [3] as tungsten is the main candidate for use in the divertors of the tokamaks. More generally, the many elementary processes that take place in the (H+H 2 )/W interface are highly relevant, and remain a hot topic after almost a century of intense research. 4 A tungsten surface exposed to a gas of atomic and/or molecular hydrogen will be quickly covered by H atoms. Then, an impinging H atom coming from the gas phase (named in the following projectile) can react with a second H atom adsorbed on the surface (named target) to form a desorbing H 2 molecule. The mechanism through which this molecular recombination process takes place in a quasi-unique collision is known as Eley-Rideal (ER). 5 The ER mechanism is often considered as a short time process which prevents a sizable energy exchange between the impinging atom and the surface.
The total energy (internal plus translational) of H 2 molecules formed through the ER mechanism is ∼ D H 2 − E H + E proj , where D H 2 is the binding energy of H 2 , E H is the H adsorption energy (for metal surfaces, 2.4 eV E H 2.9 eV), and E proj is the initial kinetic energy of the projectile. Thus, the total energy of the nascent molecules varies between E proj +1.85 eV and E proj +2.35 eV, depending a) Electronic mail: r.petuya@ism.u-bordeaux1.fr on the metal surface. This energy is distributed into translational and internal degrees of freedom, in fractions that depend on the dynamics of the ER process. Thus, to predict/understand the rovibrational-state population distribution of H 2 usually measured for (H+H 2 ) mixtures in contact with a metal surface, 6 -10 molecular dynamics simulations of the ER abstraction process are required.
The dynamics of ER abstraction using quasi-classical trajectories (QCT) has been extensively studied during the last 15 years. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Results of classical trajectory calculations have been found in reasonable agreement with those of quantum scattering simulations for ER abstraction involving hydrogen atoms in reduced dimension models. 12, 13, 20, 23, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Early dynamical studies of the H+H/W ER process made use of twodimensional (2D) model potential energy surfaces (PES), depending on the altitude of the molecule above the surface and the H-H distance, representing only a collinear geometry where the projectile impinges on top of the target atom. 11, 37 More recently, Rutigliano and Cacciatore 38 investigated the ER abstraction process for H+H/W(100) by using a tight binding approximation for the PES 39, 40 that allowed them to consider explicitly not only the six degrees of freedom of the H 2 but also the dynamical coupling with tungsten phonons. Still, a word of caution must be given about the accuracy of the PES employed in the latter study since it predicts the fourfold hollow site as the most stable for H adsorption, in contrast with experiments 41 and Density Functional Theory (DFT) calculations 42 for which the lowest energy adsorption site at low H coverage is the bridge site. To what extent such an error in the PES might affect the outcome of the ER dynamics and in particular, the rovibrational-state distribution of the nascent H 2 molecules, is unclear.
Unfortunately, the very small cross sections of the H+H ER process on metal surfaces (<1 Å 2 ) 12, 14, 20, 21, 25, [43] [44] [45] [46] hamper the use of Ab Initio Molecular Dynamics (AIMD) simulations [47] [48] [49] [50] [51] that circumvent the errors of any PESparametrization method. Therefore, studies of the sensitivity to the PES parametrization of the ER dynamics are desirable. Accordingly, in this work we report results of quasiclassical trajectory (QCT) simulations of the H+H/W(110) ER abstraction process based on two PESs constructed from DFT total energy data. One of the PESs (hereafter referred to as FPLEPS) is a result of a global analytical fitting 52, 53 using a generalization [54] [55] [56] of the LondonEyring-Polanyi-Sato (LEPS) function [57] [58] [59] widely used in the past to investigate H+H ER abstraction processes on metal surfaces. 12, 14, 20, 21, 25, 43, 44, 46 The other PES (hereafter referred to as CRP) has been obtained by interpolation using the corrugation reducing procedure 60 which has been widely used 42, 49, [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] and successfully gauged against AIMD results 49, 75 of dissociative adsorption probabilities but scarcely used to investigate ER abstraction processes. It has to be mentioned that CRP has already been used in the context of recombination process but for modeling the LangmuirHinshelwood mechanism (LH), 76 which can be seen as the reverse mechanism of dissociative adsorption. In consequence CRP models determined for dissociative adsorption can be used straightforwardly without any additional data. As detailed later in the text, the simulation of ER mechanism is more demanding assuming that more configuration space data are required (atomic configurations corresponding to ER entrance channel has to be added in the CRP interpolation scheme). The most common PES determination methods used in gas-surface dynamics studies have been recently reviewed by Gamallo et al. (see Ref. 53 and references therein). Through the comparison of these PESs obtained with two types of parametrization methods (fitting procedure vs numerical interpolation scheme), and of the corresponding QCT results, we analyze the influence of the PES topology on the total cross sections and the final-state population distribution of H 2 molecules formed through ER reactions on W(110).
The paper is organized as follows. In Sec. II, we briefly compare the main properties of the FPLEPS and the CRP PESs. In Sec. III, we present the results of QCT simulations of the H+H/W(110) ER abstraction process and we compare them with available experimental data. Finally, in Sec. IV, we summarize the conclusions of our study.
II. THE PESS FOR H+H/W(110)
To investigate the influence of the PES topology on the usual dynamical observables of interest for the ER process (i.e., the total cross section and the distribution of the total energy into the various degrees of freedom of the nascent molecules), two different model PESs have been used in our simulations. Both PESs have been built to accurately reproduce a large set of DFT total energies for the H+H/W(110) system by means of a fitting procedure in the case of the FPLEPS, and numerical interpolation in the case of the CRP. The PESs reproduce properly the most stable atomic adsorption configuration located very close to the hollow 2D-cuts of the 6D-potential energy in the ER entrance channel. The target atom is kept fixed in the atomic adsorption configuration (X ads , Y ads , Z ads ), whereas the projectile is allowed to move on two different planes: left (right) panels correspond to a 2D-cut for the projectile atom in the X,Z (Y,Z) plane characterized by Y=Y ads (X=X ads ). Negative values of the potential energy are indicated by dashed lines (the zero of the potential energy corresponding to the target in X ads , Y ads , Z ads and the projectile located at the infinity of the surface). Figure 2 illustrates the large fraction of the configuration space energetically accessible for the projectile. In particular, in the (Y, Z)-plane characterized by X = X ads and for -1 Å ≤Y ≤ 0, the projectile can reach Z values lower than the Z ads allowing the projectile to attack the target from below. The two PESs are qualitatively very similar. However, close to the target position, some discrepancies are observed. For the 2D cuts of the PES considered in Fig. 2 we have found root mean square deviations (RMSD) of the FPLEPS and CRP PESs (with respect to a set of DFT data not used in the fitting/interpolation procedures) equal to 230 meV and 55 meV, respectively. ically to ER entrance channel fitting. As a consequence, DFT data for vertical configurations (θ = 0) around the hollow site were not included in the construction of the FPLEPS (see the Appendix for more details) following the prescription of the FPLEPS method exposed elsewhere. [54] [55] [56] For larger impact parameters, b = 1.585 Å, both the CRP and FPLEPS are in good agreement with the DFT data. Finally, as an additional evaluation of the accuracy of the FPLEPS and CRP PESs in regions of configuration space relevant for the dynamics, we have selected a set of ∼ 50 snapshots from 10 reactive trajectories in our QCT calculations (see Sec. III). Then, we evaluated the DFT-SP total energy of these configurations and we compared them with the values predicted by the FPLEPS and CRP PESs. The RMSD obtained in this way were 42 meV for the CRP and 142 meV for the FPLEPS. The FPLEPS fitting procedure is shown to be less accurate than the CRP interpolation scheme for reproducing the DFT calculations point to point, as already stated in early FPLEPS papers. [54] [55] [56] Our comparison of the ER dynamics for both PESs will allow us to explore the influence of the representation of the potential on the ER process.
III. DYNAMICS OF H 2 ELEY-RIDEAL RECOMBINATION ON W(110)

A. Methodology and computational details
We investigate normal incidence scattering dynamics of atomic hydrogen over H-pre-adsorbed W(110) surface within the Born Oppenheimer Static Surface approximation (BOSS) model via QCT. Neither electron-hole (e-h) pair excitations, nor energy dissipation to the surface phonons are taken into account. Electronic effects have been found negligible in the recombination of H 2 on Cu(111) 77 because of the ultrafast reaction time. Coupling to phonons are also expected to be small due to the large mass mismatch. 15, 78 The initial conditions for QCT simulations have been specified as follows: the target, located in the adsorption well, is given initial energies and random initial vibrational phases corresponding to the quasi-classical zero point energy (ZPE) of each normal mode, calculated within the harmonic approximation,. 18, 20, 26, 36 Alternative Wigner distribution in the sampling of the target initial conditions have revealed very little differences from quasi-classical ZPE sampling for the ER recombination of H 2 on graphene. 36 The ZPE for vibrational motion normal to the surface is 71 meV (68 meV) for the CRP (FPLEPS). For parallel motion to the surface, the ZPE is 47 meV and 60 meV for the CRP respectively for the X and Y directions, and 55 meV for the FPLEPS on both directions. These values obtained with both PESs are in good agreement with theoretical 79, 80 and experimental 81, 82 values reported previously for H/W(110).
The initial altitude of the projectile, Z proj , is chosen in the asymptotic region of the potential at 7.0 Å and perpendicular collision energies are sampled within the range 0.1-5.0 eV. Taking advantage of the symmetry of the H/W(110) unit cell, the initial coordinates (X proj ,Y proj ) of the projectile are randomly sampled in the yellow area displayed in Fig. 1(b) . The ER cross section is thus defined by
D being the integration domain represented as the sampling area indicated in yellow on Fig. 1(b) . P r (X proj , Y proj ), the twodimensional opacity function, is the fraction of trajectories leading to an ER recombination for a given X proj and Y proj and averaged with respect to target initial coordinates and momenta. For each collision energy, 640 000 trajectories have been computed. ER recombination is considered to take place whenever both hydrogen atoms reach the initial altitude of the projectile with a positive H 2 center-of-mass momentum along Z, an inter-atomic distance r ≤ 2.2 Å after only one rebound of the diatom center-of-mass along the trajectory. 83, 84 In order to compare our results with experimental data, 10 we have also performed QCT calculations using a generalized Langevin oscillator (GLO) model [85] [86] [87] [88] [89] to account for surface temperature effects and energy exchange with phonons. 83, 84 However, we have found that adding such ingredients in the dynamics simulations barely alter the results obtained within the rigid surface approximation (at least, as far as the total ER reaction cross sections and products energy distributions are concerned).
B. Results and discussion
In Fig. 4 , the ER recombination cross sections obtained with the FPLEPS and CRP PESs are presented as a function of the initial kinetic energy of the projectile, E proj . The E projdependence of both ER cross sections is very similar. First, they slightly increase with increasing E proj up to 2 eV and then, decrease when E proj increases. These cross sections remain low (maxima between 0.14 and 0.20 Å 2 for the FPLEPS and CRP PES, respectively), as already shown for H 2 recombination on metal surfaces (see, e.g., Refs. 14, 21, and 23). In the end, the differences between both PESs, discussed in Sec. II, seem to barely affect the dynamics. For a better understanding of this result it is convenient to compare the opacity maps obtained with the FPLEPS and the CRP which are shown in Figs. 5 and 6 for three different values of E proj : 0.1, 1.0, and 2.8 eV. In the upper panels, we represent the initial X, Y coordinates of the projectile for trajectories leading to ER recombination. In the lower panels, we show the X, Y coordinates of the points where the Z component of the projectile velocity changes from negative to positive (i.e., when the projectile rebounds).
The opacity maps obtained for both PES compare well: ER recombination is more likely to take place for similar initial positions of the projectile. Interestingly, only a minority of the reactive trajectories correspond to the projectile impinging on top of the initial position of the target atom in a collinear geometry. This clearly shows that the contribution of this particular initial condition to the ER total cross section is marginal. Moreover, the rebound position of the projectile for reactive trajectories starting near adsorption site are in general shifted away this site. Thus, the great majority of the ER abstraction events take place after a rebound of the projectile on a surface atom prior to recombination with the target. The main effect of this strong projectile/surface atom interaction is the redirection of the projectile towards the target favoring the recombination and molecular abstraction in a rather direct process (after only one rebound of the projectile). Such a mechanism involving first a direct collision of the projectile with surface atoms explains why the rebound positions for reactive trajectories are focused near lines joining the target equilibrium position with its closest surrounding surface atoms. As a result, opacity maps for rebound positions are in very good agreement when comparing the two PESs. However, dynamics on both PESs is not straightforwardly comparable trajectory per trajectory. Comparison is only meaningful by looking at groups of trajectories and under this consideration CRP and FPLEPS exhibit same dynamical behaviors.
An analysis of the projectile rebound position in Z, for reactive trajectories, is shown in Fig. 7 for the CRP PES case (at 0.1, 1.0, and 2.8 eV). The results for the FPLEPS PES (not shown) are very similar. As expected, the Z coordinate of the rebound position decreases when E proj increases but even for the lowest energy considered (E proj = 0.1 eV) most of the rebounds of the projectile take place below or around Z ads ∼ 1.1 Å. These results indicate that most ER recombination events take place for the projectile attacking the target from below or from the side after a first collision with one of the surface atoms closest to the target. In Fig. 8 , the mean final translational energy, together with mean rotational and vibrational energies of the recombined H 2 molecules are displayed as a function of E proj . Rotationally and vibrationally excited products are observed, as expected for a process whose exothermicity is ∼1.8 eV. Such rovibrational excitations increase when the initial kinetic energy of the projectile increases. Nevertheless, the major part of the energy remains in translational motion. Such results compare well with studies of H 2 recombination on other metal surfaces. 14, 19 Dynamical observables reveal a semi-quantitative agreement for both CRP-PESs and FPLEPS (lower than 20% relative differences), thus suggesting that the dynamics bears similarities, regardless the discrepancies highlighted above.
The vibrational state distribution of H 2 molecules recombining on a polycrystalline W sample, which were measured by Markelj et al., 10 are displayed in Fig. 9 . Experimentally, atom recombination was observed in a cell where a tungsten sample was exposed to hydrogen atoms resulting from hydrogen molecules dissociation on a hot tungsten filament. The atomic gas temperature was estimated to be ∼2000 K whereas the tungsten surface sample temperature was maintained to ∼300 K. Vibrationally highly excited hydrogen molecules (up to v = 9) were observed. Such strong excitations were attributed to ER recombination with H atoms adsorbed in low energy binding sites of the polycrystalline tungsten surface. Such results gave comparable results with former experiments. [6] [7] [8] However it is worth mentioning that the population of excited levels higher than v = 3 is very small (<1.5 10 −3 ). To compare with experiments, vibrational state distributions have been computed by thermal averaging normal collision energy resolved results in the limit of normal and total energy scaling. 90 Both limits give almost identical results as vibrational state distributions depend weakly on collision energy, in particular for E proj > 0.1 eV leading to non-negligible cross-sections. Hereafter, we only consider the normal energy scaling limit. As apparent from Fig. 9 , QCT results, computed within the standard binning method, 91 are in remarkable agreement with experiments up to v = 5 vibrational state for the FPLEPS PES. The choice of the binning procedure for vibrational action 92, 93 has negligible influence on vibrational state distribution. In view of the simplifications of the present theoretical treatment, such a good agreement might result from a cancellation of error. The experiments use polycrystalline W samples (including defects) and might be sensitive to "Hot Atom" (HA) processes whereas our simulations are restricted to ultrafast abstraction in the zero coverage limit off a perfect W(110) surface. However, these re- sults might suggest the vibrational distribution of H 2 molecule resulting from ER abstraction is weakly sensitive to surface symmetry. Additional studies for H+H/W(100) are currently underway to address the role of surface symmetry as well as isotope effects. The CRP PES leads to a somewhat hotter vibrational distribution, but with comparable trend. For both PESs, the ER process leads to molecules vibrationally hotter than the gas in contact with the W sample (∼2000 K), because 20%-30% of the total initial energy is driven into vibration. Interestingly, the population of the lowest 4 vibrational levels are in reasonable agreement with experiments. In any case, the comparison with experiments must be made with caution because additional ingredients not considered in the present dynamics simulations might be necessary: e.g., abstraction from other faces of W in the polycrystalline sample, H-coverage effects, and the role of HA.
In this perspective, the apparent better agreement of the FPLEPS with experiments does not allow to conclude on a better performance of this PES representation.
Besides, our results are hardly comparable with previous works. 11, 37, 94 Indeed, in such previous works, because of the little rotational excitation experimentally observed in earlier experiments, 6 ER cross section was assumed to proceed via collinear vertical collision between both H atoms. In the present 6D calculations, the collinear case, as for most of H+H/metal systems with high binding energies, 13, 14, 23 contributes to less than 5% of the recombination cross section and rotational excitation is as high as vibrational one. As in other systems, 83, 84 ER recombination is found to mainly occur via collision with surface atoms prior to recombination underlying the fact that the representation of the PES has to be accurate more specifically in ER entrance channels corresponding to large impact parameters where both PES are in really good agreement to DFT energies (see Fig. 3 at b = 1.585 Å).
IV. CONCLUSION
The Eley-Rideal (ER) abstraction dynamics of H 2 on W(110) has been analyzed through Quasi Classical Trajectory (QCT) calculations. We have used two potential energy surfaces (PESs) obtained with different parametrization methods based on Density Functional Theory (DFT) data: the interpolation corrugation reducing procedure (CRP), and the fitting to a Flexible Periodic London-Eyring-Polanyi-Sato (FPLEPS) functional form. The obtained ER cross sections, final translational, rotational, and vibrational energies of the formed molecules are similar in spite of some sizable discrepancies between both PESs, in particular for small impact parameters of the projectile. In contrast with the usual belief, the PES features corresponding to quasi-collinear impact geometry has a minor influence on the ER dynamics. Collisions with large impact parameters (for which both PESs are more accurate and agree with each other) contribute more to the ER process which is most likely to take place after a rebound of the projectile against a surface atom allowing an attack from the back on the target atom. Finally, also important is the role played by the reaction exothermicity (being equally well represented by the two PESs used) which determines in great extent the final energy of the nascent molecules. 
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APPENDIX: PES MODEL
DFT calculations
The FPLEPS and the CRP PESs, which are presented in Subsections 2 and 3 of the Appendix, rely on the DFT calculations performed using parameters detailed by Busnengo et al. in the study of dissociative adsorption of H 2 on W(100) and W(110). 42 They were carried out with the Vienna Ab initio Simulation Package (VASP) [95] [96] [97] [98] [99] within the slab supercell approach and using the generalized gradient approximation (GGA) proposed by Perdew and Wang (PW91) for the exchange-correlation functional. 100 Plane wave basis set is used for the description of electronic wave functions with a cut-off energy of 230 eV. Interactions with the atomic cores is described by ultrasoft pseudopotentials (US). 101 A five layers W slab for which the inter layer distances have been optimized was employed to represent a (2×2) cell with 15 Å vacuum space between consecutive slabs. The k-point sampling of the Brillouin zone made use of a Monkhorst-Pack (5×5×1) grid and an electron smearing of σ = 0.4 eV was introduced. To extend the CRP PES of Ref. 42 , both non-spin polarized (NSP) and spin polarized (SP) DFT calculations were required. Indeed, the description of the ER entrance channel (the target atom adsorbed in its equilibrium position and the projectile atom approaching from the gas phase) requires taking into account the spin magnetization of the impinging H atom. The initial magnetization of the H projectile atom results equal to 1 μ B far from the surface and gradually falls down to 0 μ B when the atom gets close to the surface.
The FPLEPS PES
The FPLEPS analytical functional form [54] [55] [56] was recently developed to extend the validity of the periodic LEPS 7, 44, [101] [102] [103] [104] [105] describe the strong interaction region of the PES. The Gaussian function and Sato parameters depend not only on the orientation of the molecule with respect to the surface, defined by the two angles θ and φ (see Fig. 1 ) but also on the lateral position of the CM of the molecule (X CM , Y CM ). Such parameters are computed by a least-square fitting of the twodimensional 2D-(Z CM , r) DFT cuts, where r is the interatomic distance (r = r H A − r H B ), on high symmetry sites. The angular interpolation over (θ , φ) is performed using a symmetry adapted expansion of trigonometric functions and a Fourier series is employed to describe the (X, Y) dependence of the molecular parameters (Gaussian an Sato parameters). The molecular parameters were fitted on 2D-(Z CM , r) DFT cuts computed by Busnengo et al. 42 The details for the implementation of the FPLEPS can be found in Ref. 56 . The FPLEPS is thus not specifically fitted in the ER entrance channel but is asymptotically correct by construction.
The original building procedure of the FPLEPS has been followed so the Sato and Gaussian parameters are fitted on high symmetry sites. [54] [55] [56] 
The CRP PES
The CRP relies on the fact that most of the strong corrugation of the molecule-surface PESs is due to the atomsurface interaction. Therefore, it is convenient to decompose the full 6D PES as the sum of the atom-surface potentials and a remaining six-dimensional function usually called 6D interpolation function. In the case of H 2 /W(110), the 6D PES can be written as: Though the corrugation reducing strategy is valid throughout the six-dimensional molecule-surface configuration space and so, suitable to investigate any reactive or unreactive molecule-surface process, the CRP method has been mostly applied to study dissociative adsorption. In the case of singlet-ground-state molecules (e.g., H 2 and N 2 ) on nonmagnetic surfaces, dissociative adsorption takes place entirely in a region of configuration space where NSP calculations provide a reliable description of the molecule-surface PES. Thus, for H 2 /W(110) the CRP PESs of Ref. 42 was built from NSP DFT results only. However, as mentioned above, the entrance channel of Eley-Rideal reactions is characterized by the presence of a single atom far from the surface which requires SP DFT calculations. 44 In the particular case of H 2 interacting with W(110) (and other non-magnetic metal surfaces 44 ), SP DFT calculations are required whenever the interatomic distance r 1.6 Å and at least one of the atoms is relatively far from the surface, e.g., for Z 2.6 Å. Therefore, we have carried out extra SP DFT atom-surface calculations for Z > 2.6 Å and molecule-surface calculations for 1.6 Å ≤ r ≤ 3 Å.
In the case of the SP atom-surface potential, V SP H/W (110) , we have carried out a direct interpolation (using 3D cubic splines) of the SP data because for Z > 2.6 Å the atom-surface PES corrugation is relatively weak. Then, an asymptotically correct atom-surface potential for H/W(110), V H/W (110) , was obtained as follows: The SP molecule-surface DFT data were interpolated also using the CRP and assuming that for r > 1.6 Å, I H 2 /W (110) only depends on r,Z CM ,θ . This is justified by the fact that for large r values, I H 2 /W (110) becomes less dependent on the lateral position and azimuthal orientation of the H 2 molecule and approaches to zero (see Eq. (A4)). Thus, we have only carried out SP DFT calculations on the long bridge site (Fig. 1 (Fig. 1) . Thus, V H 2 /W (110) (hereafter referred to as PES-II) is based on 56 molecular configurations (X CM , Y CM , θ , φ) whereas the 6D PES of Ref. 42 (hereafter referred to as PES-I) was based on only 26 molecular configurations. Interestingly, the dissociative adsorption probabilities obtained with both PESs are quite similar (Fig. 10) in spite of the large number of additional data used in the new PES presented in the present work.
